Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder caused by degeneration of motor neurons of the spinal cord and brain. The majority of ALS cases are sporadic (SALS). However, in 10-15% of ALS cases the disease is inherited as an autosomal dominant trait (familial ALS or FALS). We used a non-radioactive SSCP method, in combination with solid phase sequencing, to screen the entire SOD1 (Cu/Zn superoxide dismutase) coding region and flanking intronic sequences for mutations. Twenty-three patients from 11 ALS families and 69 SALS patients of Belgian origin were studied. Three different mutations were identified (L38V, D90A and G93C) in seven families. Importantly, the D90A was only found in the heterozygous state. In addition two single base pair variants (IVS1 + 19G > A and AAC139 AAT) were identified in two SALS patients. These results suggest that the SOD1 analysis is useful in FALS but less so in SALS cases. The SSCP analysis has proved fast and reliable for this purpose.
Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder primarily affecting motor neurons. The majority of ALS cases are sporadic (SALS). However, in 10-15% of ALS cases the disease is inherited as an autosomal dominant trait (FALS). In rare instances, a recessive inheritance has been documented. In a subset of the dominant FALS families the disease is caused by mutations in the gene encoding the anti-oxidant enzyme Cu/Zn superoxide dismutase (SOD1), located on the chromosome 21.
1,2 More than 57 different mutations in SOD1 have been reported in familial cases affecting different functional domains of the enzyme. 3 In SALS cases, mutations have only rarely been found. 4 In the initial study of the involvement of the SOD1 gene in FALS, two Belgian families were included with the L38V and G93C mutations respectively (families 11 and 57 in Rosen et al . We here present a survey of nine additional Belgian ALS families. Also, in view of the importance for genetic counselling, the SOD1 gene of 69 patients with the sporadic form of ALS was screened.
Materials and Methods
Twenty-three affected individuals from 11 apparently unrelated families were available for mutation analysis. DNA was collected from 69 individuals with sporadic ALS. All patients included in this study were personally examined by one of our team (WR) and classified following the El Escorial criteria. 5 Fourteen patients had 'bulbar' onset, and in 55 patients onset was 'spinal'. The average age of onset was 61.5 ± 9.1 and 54.5 ± 13.9 years, respectively. The sex distribution was 33 females and 36 males. Seventy-five normal individuals were used as controls.
Genomic DNA was extracted from white blood cells of patients and controls using a salting-out method. Exons 2 and 4 from of the SOD1 gene were amplified by PCR from genomic DNA as described. 2, 6 Exons 1, 3 and 5 were analysed as described, 7 with minor modifications. Of each primer set, one primer was fluorescently labelled such that the fluorescent PCR product could be directly analysed by SSCP analysis. 6 All PCR products presenting abnormal electrophoretic patterns and, for the familial cases, all exons and the exonintron boundaries of SOD1 were sequenced using a solid phase approach. 6 The fragments encompassing exons 1 and 3 were sequenced with the use of dITPs in the PCR amplification mix. 
Results

SOD1 Mutations in Familial ALS
SOD1 mutations were identified in seven of the 11 families (64%). Except for one family in which material from the parents was not available for analysis, the mutations in the familial cases were traced to previous generations. The L38V mutation was found in additional patients of the previously described family (results not shown). 2, 9 The G93C mutation 2,9 was found in a total of four families (10 patients). The D90A mutation was found in two patients in two families. The clinical features of the latter patients have been described in detail. 6 An additional SSCP variant was found in three of 23 (13%) of the patients ( Figure 1A ). It turned out to be a previously published polymorphism IVS3G + 34A > C. 2 It was also present in 9.3% of the Belgian control group. Analysis of different members from the SOD1 families allowed us to establish the phase between the SOD1 mutant allele and the allele carrying the intronic polymorphism: in all cases the polymorphism was in a trans configuration.
SOD1 Mutations in Sporadic ALS
Of 69 SALS patients, nine showed an aberrant SSCP pattern. One SALS patient had the D90A mutation. 6 The other sequence variants represented silent mutations and polymorphisms. The presence of an intronic mutation (IVS1 + 19A > G) ( Figure 1B) was the only SOD1 alteration found in a SALS patient, who had a bulbar onset at age 54. He died within 3.5 years of the onset. There is no information about the family history. In another SALS patient a C to T transition of the third base of codon 139 (exon 5) results in no amino acid change ( Figure 1C) . This patient had spinal onset at age 33 and died three years after onset. The family history is negative for neuromuscular disease. He is the only child of a couple aged 64 and 57 years. They are both healthy. These variants were not found in controls. Due to lack of material, further studies about the mRNA processing and/or stability were not possible. Six cases (8.7%) showed an aberrant SSCP pattern in exon 3, which corresponded to the intronic polymorphism IVS3 + 34A > C already described ( Figure 1A ). 
SOD1 mutations in Belgian ALS patients t
Discussion
In this study we screened all five exons of SOD1 in 11 apparently unrelated Belgian FALS families using a combination of SSCP and direct sequencing. The SSCP method has proved easy and reliable, as no other mutations have been found by direct sequencing, in the FALS cases. The L38V and G93C mutations are associated with classical FALS symptoms.
In two families (and in one apparently sporadic case) the D90A mutation was found in the heterozygous state. This mutation was first identified in Scandinavia in homozygotes with FALS suggesting a recessive effect. 10, 11 It is associated with disease in the heterozygous state in our patients. However, the D90A mutation is found in families with non-classical features of the disease. 6 Direct sequencing of exons 1, 2, 3, 4 and 5 showed no additional mutations in the SOD1 gene in these patients and this mutation was not found on 150 normal chromosomes. Population-based studies may help to understand the mechanism underlying the disease, other than the site of the mutation. 12 A mutation in the SOD1 gene in seven of 11 Belgian families (64%) is a high figure, compared with other previously published, larger studies, eg 13% in Canada or 20% in the UK, 13, 14 but it is closer to the 50% in the Scottish series 15 and in agreement with the results of the original linkage analysis whereby in 55% of the FALS families linkage to markers on chromosome 21 was found. 16 The most common mutation in the US, A4V, was not found in the Belgian population.
17 L38V and G93C have not (yet) been detected in other populations. A limited genealogical inquiry in the familial cases with the G93C mutation revealed that these families originated from a small region in Flanders, and probably have common ancestors. In contrast, in view of the wide occurrence of the enigmatic D90A mutation in Europe, a detailed haplotype analysis of the disease chromosomes is indicated to try to explain the regional variations in the phenotype of individuals carrying it.
We found three SALS cases with a sequence variant in the SOD1 gene. The D90A mutation was found in one patient whose parents died of unrelated causes at the ages of 58 and 68. 6 The other two changes were only found in SALS: the IVS1 + 19A > G intronic variant and the silent mutation at codon 139. The latter mutation has also been reported recently in a Scandinavian ALS patient. 3 Although it should be considered a silent mutation, its involvement in the pathogenesis of the disease cannot be excluded. It should be noted that another silent mutation in codon 140 was the only change found in a familial case. 3 Until now a total of five synonymous codon mutations has been reported in SOD1, 3 but the recurrent presence of 'neutral' mutations in SOD1 should be interpreted with caution. To ascertain the neutrality or non-pathogenicity of these apparent polymorphisms, their impact on mRNA processing and stability or even codon usage bias should be assessed. 18 The frequency of the intronic polymorphism IVS3 + 34A > C in the Belgian control group (9.3%) seems to be of the same order of magnitude as in two other studies (4 and 11%). 15, 17 However, three patients who harbour an exonic mutation and the polymorphism in trans configuration showed a remarkable rapidly progressive ALS. We suggest that it would be worthwhile to look at the association between this polymorphism and the disease phenotype in a larger sample of FALS with known mutations.
